Abstract. The Antarctic Peninsula is one of the most challenging regions of Antarctica from a climatological perspective, owing to the recent atmospheric and oceanic warming. The steep topography and a lack of long-term and in situ meteorological observations complicate extrapolation of existing climate models to the sub-regional scale. Here, we present new evidence 15 from the northern Antarctic Peninsula to demonstrate how stable water isotopes of firn cores and recent precipitation samples can reveal climatic processes related to nearby oceanic and atmospheric conditions. A noticeable effect of the sea ice cover on local temperatures and atmospheric modes, in particular the Southern Annular Mode (SAM), is demonstrated. In years with large sea ice extension in winter (negative SAM anomaly), an inversion layer in the lower troposphere develops at the coastal zone. Therefore, an isotope-temperature relationship valid for all seasons cannot be concluded. The -T. relationship rather 20 depends on seasonal variability of oceanic conditions. Transitional seasons (autumn and spring) are both stable seasons with an isotope-temperature gradient of +0.69‰ °C -1 . The firn stable isotope composition reveals that the near-surface temperature at the Antarctic Peninsula shows a decreasing trend (-0. The Cryosphere Discuss.,
Introduction
West Antarctica and especially the Antarctic Peninsula (API) have been in the scope of the scientific community due to the notable effects of the present warming on the atmosphere, cryosphere, biosphere and ocean. The increase of air temperatures along the West Antarctic coast (Bromwich et al., 2013 ) displays signs of a shifting climate system since the early 20 th century . Recently, rapid warming of both atmosphere and ocean is causing instability of ice shelves on West 5 Antarctica, especially in some regions of the API (Pritchard et al., 2012) . The collapse of ice shelves triggers an accelerated ice-mass flow and discharge into the ocean, as the ice shelves' buttressing function gets lost. Several grounded tributary glaciers on API and in West Antarctica recently loose mass to the oceans at accelerated rates due to this phenomenon (Pritchard and Vaughan, 2007; Rignot et al., 2005; Pritchard et al., 2012) , which in combination with surface snow melt, has contributed to a negative surface mass balance of the region (Harig and Simons, 2015; Seehaus et al., 2015; Dutrieux et al., 2014; Shepherd 10 et al., 2012) .
The API is losing ice mass at rate of around 27 (±2) Gt year -1 between 2002 and 2014, which combined with the mass loss over West Antarctica ice sheet of 121(±8) Gt year -1 , surpasses the positive mass balance observed in East Antarctica (Harig and Simons, 2015) . This demonstrates how sensitive the coastal region of West Antarctica reacts on increased air and sea surface temperatures (Bromwich et al., 2013; Meredith and King, 2005) . 15 Surface snow and ice melt has significantly increased on the API during the last decades, representing up to 20% of the total surface melt area (extent) and 66% of the melt volume of whole Antarctica (Abram et al., 2013; Trusel et al., 2012; Kuipers Munneke et al., 2012) . Regional positive temperatures detected by remote sensing techniques and ice core data reveal that melt events have been temporally more wide-spread since the mid-20 th century, with some severe melt events during the first decade of the 21 st century (Trusel et al., 2012) . Increased surface melt and glacier calving may have an impact on the fresh 20 water budget of the upper ocean layers and therefore on the biological activity of the coastal zone (Meredith et al., 2016; Dierssen et al., 2002) . The most significant warming trend detected at the coast of the API occurs during winter season, especially on the west side of the Peninsula, where a tendency >0.5°C decade -1 for the period 1960-2000 has been reported for several stations (Turner et al., 2005; Carrasco, 2013) . Winter warming is especially evident on the daily minimum and monthly mean temperature increase, as described by Falk and Sala (2015) for the meteorological record of the Bellingshausen 25 Station at King George Island (KGI) at the northern API during the last 40 years. In KGI the daily mean temperature during winter increased at about 0.4°C decade -1 , with highly marked warming during August at a rate of +1.37(±0.3) °C decade -1 .
Therefore, positive temperatures even in winter are more commonly observed, leading to more frequent and extensive surface melting year-round especially for the northern API, which is dominated by maritime climate conditions (Falk and Sala, 2015) .
The mechanisms behind increasing atmosphere and ocean temperatures are still not completely understood but can be 30 confidently linked to perturbations of typical atmospheric circulation patterns (Pritchard et al., 2012; Dutrieux et al., 2014) .
Most heat advection to the southern ocean and atmosphere has been related to the poleward movement of the southern oscillation or Southern Annular Mode (SAM) and to some extent to the El Niño Southern Oscillation (ENSO) (Gille, 2008;  The Cryosphere Discuss., doi:10.5194/tc-2016 Discuss., doi:10.5194/tc- -298, 2017 Manuscript under review for journal The Cryosphere Published: 24 January 2017 c Author(s) 2017. CC-BY 3.0 License. Dutrieux et al., 2014; Fyfe et al., 2007) . During the last decades, SAM has been shifting into a positive phase, implying lower than normal (atmospheric) pressures at coastal Antarctic regions (latitude 65°S) and higher (atmospheric) pressures over midlatitudes (latitude 40°S) (Marshall, 2003) . With lower pressures around Antarctica, the circumpolar westerly winds increase in intensity (Marshall et al., 2006) . Air masses transported by intensified westerlies overcome the topography of the API more frequently, especially in summer, bringing warmer air to the east side of the API. The relationship between the shift of the 5 SAM and the surface air temperature trend is generally positive for the API, explaining a large part (~50%) of near-surface temperature increase for the last half century (Marshall et al., 2006; Marshall, 2007; Carrasco, 2013; Thompson and Solomon, 2002 ). An enhanced circulation allows more humidity to be transported to and trapped at the west coast of the API due to the orographic barrier of the central mountain chain. Therefore, the accumulation has consistently increased across the entire Peninsula during the whole 20 th century, doubling the accumulation rate from the 19 th century in the southern API region 10 ( Thomas et al., 2008; Goodwin et al., 2015; Dalla Rosa, 2013) .
The increase of greenhouse gas concentrations and the stratospheric depletion of the ozone layer, both linked to anthropogenic activity, are suggested to be the main forcing factors of the climate shift that affects the ocean-atmosphere-cryosphere system for at least the last half century (Fyfe and Saenko, 2005; Sigmond et al., 2011; Fyfe et al., 2007) .
The lack of long-term meteorological records hampers to accurately determine the onset and regional extent of this climate 15 shift. Therefore, climate models were improved and used to extend the scarce climate data both spatially and temporally. One major challenge is to correctly integrate the steep and rough topography of the API into climate models. To realize this goal, direct information on surface temperature, melting events, accumulation rates, humidity sources and transport paths are urgently needed. As direct measurements of these parameters are not available, researchers must rely on the reconstruction of the environmental variability, mainly based on proxy data such as the stable water isotope composition of precipitation, firn 20 and ice (e.g.: Abram et al., 2013) .
In this investigation, we focus on a stable water isotope-based, high temporal resolution reconstruction of variables including accumulation rates, temperatures and melt events on the API and their relationship to atmospheric modes and moisture-source conditions i.e. sea surface temperature, humidity and sea ice extent.
Since 2008, we have undertaken several field campaigns to the northernmost region of the API, where we have retrieved a 25 number of firn cores of up to 20 m depth. By using the stable water isotope composition of these cores as a proxy for the recent climate variability, we aim to fill the gap of lacking meteorological (in situ) observations. We have determined the effects of the orographic barrier of the API on the air mass and moisture transport, with increasing precipitation rates from the coast to the mountain range on the Peninsula divide at ca. 1100 m a.s.l. (Fernandoy et al., 2012) , where the ice thickness reaches ca. 350 m at its highest surface point (Cárdenas et al., 2014) . 30
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Methodology

Field work and sample processing
During five summer campaigns (2008-2010, 2014, 2015) several shallow-depth firn cores (totaling more than 60 m) were retrieved from the northern part of the API. An altitudinal profile was completed from sea level near O´Higgins Station (OH) to 1130 m a.s.l at the Laclavere Plateau (LCL). In total, five firn cores were included in this paper: OH-4, OH-5, OH-6, OH-5 9, OH-10 (Fig. 1) ; coordinates and further details of the firn cores are given in Table 1 . More than 200 daily precipitation samples were gathered from O´Higgins Station (57.90°W, 63.32°S, 13 m a.s.l.) during 2008 -2009 (Fernandoy et al., 2012 and 2014 ( Table 2) . Some of these samples were discarded from the analysis due to improper storing. Cores OH-4, OH-5, OH-6 and OH-9 were retrieved between 2008 and 2010 and analyzed for their stable water isotope composition and physical properties as described in Fernandoy et al. (2012) and Meyer et al. (2000) . Additionally, a density profile of OH-9 was obtained 10 by using an X-ray microfocus computer tomograph at the ice core processing facilities of the Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research in Bremerhaven, Germany (Linow et al., 2012) . The X-ray tomography provides a very high-resolution (1mm) density profile of the physical properties of the ice. The core OH-10 was retrieved in 2015 using an electric drilling device with 5.7 cm inner diameter (Icedrill.ch AG). The retrieved core was first stored under controlled temperature conditions (-20°C) at the Chilean scientific station Prof. Julio Escudero (King George Island) and later 15 transported to a cold storage in Viña del Mar, Chile. The core sections were measured and weighted for density-profile construction and then sub-sampled with a 5 cm resolution for stable water isotope analysis. A visual logging and description of the cores were carried out to identify possible melt layers and their thicknesses. Thereafter, firn and recent precipitation samples collected from OH in 2014 were analyzed by a liquid water stable isotope analyzer from Los Gatos Research (TLWIA 45EP), located at the Stable Isotope Laboratory of the Universidad Nacional Andrés Bello, Viña del Mar, Chile. Accuracy of 20 the measurements is better than 0.1 ‰ for oxygen and 0.8 ‰ for hydrogen isotopes.
Database and time series analysis
Stable water isotope data were compared to major meteorological parameters from the region (Fig. 2) . For this purpose, the following data sets were incorporated into our analysis: Near-surface air temperature (Tair), precipitation amount (Pp) and sealevel pressure (SLP), recorded at the Russian Station Bellingshausen (BE) (58.96°W, 62.19°S, 15 .8 m a.s.l.), available in daily 25 and monthly resolution from the Global Summary of the Day (GSOD) data sets of the National Climatic Data Center (NCDC, available at: www.ncdc.noaa.gov) and the SCAR Reference Antarctic Data for Environmental Research (READER, available at: www.antarctica.ac.uk/met/READER/) (Turner et al., 2004) . Sea surface temperature (SST) time series were extracted from the Hadley Centre Sea Ice and Sea Surface Temperature data set (HadISST, available at: http://hadobs.metoffice.com/hadisst/).
The HadISST provides SST monthly means on a global 5° to 5° grid from 1973 to present (Rayner et al., 2003) . Mean monthly 30
SSTs were extracted from a quadrant limited by 60-65°S and 65-55°W. Missing data or outliers were interpolated from measurements taken in the neighbor quadrants. Relative humidity (rh) time series were extracted from data obtained by the The Cryosphere Discuss., doi:10.5194/tc-2016 Discuss., doi:10.5194/tc- -298, 2017 Manuscript under review for journal The Cryosphere Published: 24 January 2017 c Author(s) 2017. CC-BY 3.0 License. calculation of 3 day air parcel backward trajectories under isobaric conditions using the freely-accessible Hybrid singleparticle Lagrangian integrated trajectory (HYSPLIT) model (Draxler and Hess, 1998, available at: http://ready.arl.noaa.gov/HYSPLIT.php). This three-dimensional model was fed with the global data assimilation system (GDAS) archives from NOAA/NCEP (Kanamitsu, 1989) . GDAS offers a global 1° to 1° latitude-longitude spatial coverage with a 1 hour temporal resolution and is available from 2006 to present (for more details visit: 5 http://ready.arl.noaa.gov/gdas1.php). For studying the characteristics of air parcels approaching API, rh time series were obtained considering data from 1 day backward trajectories. SST and rh datasets were resampled to a regional scale defined by high-density trajectory paths (Bellingshausen and Weddell Seas). The resampled fields were defined by the spatial coverage 
Stable Isotope time series analysis
For each precipitation event registered at OH, a 3 day air parcel backward trajectory was calculated to identify rh conditions above sea level in the ocean near the API. For this purpose we used the HYSPLIT model (Draxler and Hess, 1998) with hourly temporal resolution. Frequent air parcel paths were studied and monthly mean values of rh and SST were calculated. Using 20 the relationship between rh and SST calculated by Uemura et al. (2008) , a theoretical value of deuterium excess (dexcess meteo) was calculated for the whole region (dexcess meteo= -0.42 * rh + 0.45 * SST + 37.9). Comparisons were made between time series of deuterium excess (dexcess= δD -8 * δ 18 O), obtained from monthly mean values of the precipitation isotopic signal, and dexcess meteo, obtained from monthly mean values of rh and SST from the southern oceans. Simultaneously, the dexcess signal obtained from stable isotope analysis of firn cores was transformed into a signal depicted 25 with depth. Then it was filtered using the Inverse Fast Fourier Transform (IFFT), which was fed with the frequency of the second of the principal modes of oscillation obtained from the Fast Fourier Transform (FFT). Thus, the final signal is only defined by the low frequencies. The same procedure was applied to the time series constructed with monthly means of dexcess meteo. The strong similarities between both signals, due to their dependency on the same variables, enables the transformation from the depth domain of the dexcess stable isotope signal to the time domain by using the common principal oscillation patterns 30 as time markers. As dexcess is now represented in the time domain (Fig. 3) , monthly means were calculated to generate time series for further analysis. Once the dexcess signals from firn cores were represented as time series, the same procedure was The Cryosphere Discuss., doi:10.5194/tc-2016 Discuss., doi:10.5194/tc- -298, 2017 Manuscript under review for journal The Cryosphere Published: 24 January 2017 c Author(s) 2017. CC-BY 3.0 License.
followed to generate δ 18 O time series (Fig. 3) . The δ 18 O -Temperature relationship was obtained from precipitation samples and daily mean temperatures at OH.
Complementing geophysical data
Ground-penetrating radar (GPR) is a geophysical method based on the propagation and reflection of electromagnetic waves (Annan and Davis, 1976) . Reflections are produced when dielectric discontinuities are reached in the propagation media. GPR 5 has been proved to be effective in dry snow layer interpretation where reflections are most commonly produced from internal density differences (Spikes et al., 2004) . Therefore, GPR data complement ice-core interpretations, allowing the spatial extrapolation of ice-core layer detection and evaluation of layer continuity.
GPR measurements were performed during the OH-10 firn core drilling campaign in January 2015. We used a SIR3000 unit equipped with a 400 MHz central frequency antenna (GSSI Inc.) , that was dragged in a sledge along the proposed measurement 10 lines (Fig. 4) . The penetration depth of the electromagnetic waves is strongly controlled by the electrical conductivity of the propagation medium (i.e. snow) as well as by the central frequency of the system (Daniels, 2007) , which decreases as frequency increases. The used system provides a good compensation between these parameters, where the vertical resolution in dry polar snow is approximately 0.35 m reaching up to 100 m in depth (Spikes et al., 2004) . However, these values are variable for snow/firn in low polar latitudes (e.g. Antarctic Peninsula), where the range for layer detection increases and the maximum 15 depth decreases.
Raw radar data were processed and interpreted using the software Reflexw (http://www.sandmeier-geo.de). Each radar profile was manually georeferenced using differential global positioning system (DGPS) data collected during the GPR measurements. Prior to the snow/firn stratigraphy interpretation from radar imaging, processes and corrections included removal of repetitive traces and application of filters to diminish signal noise (e.g. frequency filter, deconvolution and 20 stacking). Each collected file was analyzed independently and layers were distinguished and chosen manually. Thus, if layers were not sufficiently clear and continuous, the files were not picked (Fig. 5) . Data was further analyzed in the ASCII format (i.e. easting, nothing, elevation, depth).
Results
Oxygen and hydrogen stable water isotope data of precipitation and firn core samples are presented in relation to the Vienna 25 Standard Mean Ocean Water Standard (VSMOW) in ‰, as δ 18 O and δD for oxygen and hydrogen isotopes, respectively. O -0.12. Backward trajectory analysis for precipitation events reveals a high-frequency transport across the Bellingshausen Sea within the last 24 hours before the air parcels reach the API (Fig. 6 ).
Precipitation samples OH
Isotope − Temperature relationship
Using the stable water isotope composition of single precipitation events and daily near-surface temperature (Tdaily), an isotope-temperature relationship was constructed for OH station using a linear regression analysis. and a statistical significance (p) lower than 0.03 for a total of 208 precipitation events analyzed. Outliers were discarded as explained in section 3.1.2. Furthermore, the same analysis was carried out using monthly averages calculated from daily events (Tmonthly) from the whole precipitation dataset (R= 0.5, p= 0.01), considering a total of 24 months. Considerable differences 10 were identified between the daily and monthly δ 
Deuterium excess − Temperature relationship
From stable water isotope results obtained from precipitation samples, dexcess values were calculated for each sample. Table 2 shows dexcess basic statistics for the dataset. The dexcess values lower than -2.0 ‰ were filtered in order to avoid disturbances, as 20 these samples might have been influenced by secondary processes during storage and transport. Daily dexcess values for the same months as specified in section 3.1.1 were compared with daily mean temperatures. Correlation coefficients for these comparisons are weak (R<-0.42, p>0.1) and broadly scattered. The comparison considering monthly averages calculated from daily events from the whole dataset improved the dexcess − T correlation coefficient (R= -0.71, p<0.01; T= -0.98 * dexcess -0.33) (Fig. 7b ). Time series of monthly averages show a clear inverse relationship between both parameters for the whole dataset. values of dexcess from precipitation samples and dexcess meteo constructed from meteorological parameters (rh and SST) of the high density precipitation pathways, a correlation coefficient of R= 0.86 (p<0.01) was obtained (Fig. 8) . Table 1 shows the stable isotope results and basic statistics for firn cores retrieved at the northern API. The co-isotopic relationship δD− δ 18 O of each single firn cores retrieved from LCL is close to the GMWL and LMWL, with a mean slope of 5 m= 7.91 and an intercept of 3.64 (Fig. 9) . These values are very close to those of the LMWL, although with a slightly higher intercept.
Firn core samples from API
Age model based on stable water isotope and geophysical data
Stable water isotope results from firn cores allowed to derive depth profiles of δD, δ 18 O and dexcess for each firn core. Lower noise and the clearest seasonal pattern was found in dexcess profiles (dexcess core) (Fig. 3) , similar to findings published by 10 Fernandoy et al. (2012) . The dexcess core signals were analyzed by filtering their high frequency oscillation patterns and comparing the remnant signals with dexcess meteo monthly means, which prevail on the high density pathways, covered by air parcels that reach LCL surroundings within 2 days. Main peak-valley fitting between both signals led to a monthly mean dexcess core signal represented on a time scale. The comparison between time series of monthly mean dexcess core and dexcess meteo data reveals correlation coefficients of R≥0.67 (p<0.01) for all firn cores analyzed and obtained from 2006 to 2015. Table 3  15 summarizes correlation coefficients, statistical significances and time intervals covered by each firn core. From the firn cores retrieved from LCL, a single time series was constructed and then compared to the dexcess meteo time series in order to analyze the isotopic signal along the whole time interval. A correlation coefficient of R= 0.75 (p<0.01) was obtained between the two signals (dexcess meteo and dexcess core). To construct one single time series from the firn cores, on the overlapping time interval between OH-9 and OH-10 (February 2012 to January 2014), we only considered data from OH-9, because the samples from 20 OH-9 consists of more fresh and less compacted firn than the respective interval in OH-10. This in turn helps to avoid attenuation of the isotopic signal. Although we only considered OH-9 data for the overlapping time interval, we studied the changes in the standard deviation of the isotopic signal in both firn cores in the common time span. The standard deviation shows a decrease of 16% after one year of deposition in core OH-10 with respect to the same time interval in OH-9; and 2 to 3 years after the deposition the smoothing of the signal increased up to 18%. 25
During firn core visual logging, thin and scarce melt layers were identified (mean width of ~1 cm). The melt layers do not show evidence of infiltration nor have a clear pattern of distribution with depth (i.e. association with summer layers). While analyzing them in relation to their time equivalent with depth, no clear pattern associated with a season was noted.
Seasonal temperature reconstruction from stable water isotope ratios
The age model developed using the dexcess core oscillation was later applied to construct a δ 18 O time series (Fig. 3 and exhibit a direct relationship to temperature at BE (Fig. 10) . Monthly mean δ 18 O values were transformed to their temperature equivalent using the δ 18 O − T relationship obtained in section 3.1.1 from precipitation samples (Fig. 11) . Monthly δ 18 O − T relationship was considered to reflect seasonal behavior. As seasonal behavior differences were found to be more 5 the general trend during specific years. In those cases, the seasonal behavior was extended or contracted beyond the boundaries of the main season classification depending on sea ice extent. Large sea ice extent during winter, will lead to a delayed on−set 10 of spring conditions. In this case winter−like conditions will be extended beyond August. Restricted sea ice extent on the contrary will lead to earlier spring−like conditions (before August).
Additionally, the relationship between monthly lapse rates in BE, winter SAM index and sea ice extent (SIE) from OH is represented in Fig. 12a . As temperature data from OH show several large record gaps, for the estimation of air temperature on LCL, we considered the BE temperature corrected by a latitude factor (-1.4°C). Considering latitude-corrected air temperatures 15 from BE, lapse rates from BE and SIE from OH (SIEOH), a mean annual air temperature of -7.5°C with a trend of -0.18°C year (Fig. 14b) . The increase rate is about 1500 kg m -2 km -1 y -1 from 350 m a.s.l. to 1130 m a.s.l.
GPR data interpretation around OH-10 site 15
GPR electromagnetic waves are reflected from the dielectric interfaces produced when seasonal snow is accumulated (Arcone, 2009 ). However, low compaction between recent years of accumulated snow at LCL prevented the detection of snow stratigraphy in depths less than ~7 m. The minimum depth of a continuous layer observed was 7.4 m and the deepest layer reached up to 41.8 m below the surface.
Wind circulation from the northwest cause wind erosion and thus hamper layer detection. Therefore, layer density and 20 continuity were less visible at the northwest side. The minimum number of detected layers by GPR section was 9, and the maximum was 16 ( Figure 5 ). Referring to the isotope-based dating of the OH-10 core, the GPR signal indicates that at the OH-10 site, 7.4 m of accumulated snow corresponds to January 2013. Consequently, the deepest layer detected corresponds to the austral summer of 1998 (~41 m snow/firn accumulation in 16 years).
Discussion 25
Stable water isotope fractionation processes and the local temperature relationship
The stable water isotope composition of precipitation samples from the 2008 and 2014 datasets show a high similarity to each other, as well as to firn cores from the western flank and from LCL Plateau at API (OH-4 to OH-10), and to several meteorological and climatic parameters and reanalysis data. Backward trajectory analysis revealed that the most frequent pathways for air parcels that reach the northern part of API derive from the Bellingshausen Sea, between 55°S and 60°S ( Fig.  30 The Cryosphere Discuss., doi:10.5194/tc-2016 Discuss., doi:10.5194/tc- -298, 2017 Manuscript under review for journal The Cryosphere Published: 24 January 2017 c Author(s) 2017. CC-BY 3.0 License. 6) throughout the year. In contrast, localities further south on the API and in West Antarctica, Ellsworth Land and coastal Ross Sea, respectively, exhibit a stronger continental influence on the precipitation source, depending on seasonal and synoptic scale conditions (Thomas and Bracegirdle, 2015; Sinclair et al., 2012) . The LMWL obtained from precipitation samples at OH (m= 7.83) is closely related to the Antarctic meteoric water line obtained by Masson-Delmotte et al. (2008) (m= 7.75) , and to the GMWL as presented by Rozanski et al. (1993) (m= 8.13 ). The similarity between the slope of LMWL and GMWL indicates 5 that the fractionation processes during condensation mostly take place under thermodynamic equilibrium (Moser and Stichler, 1980) . These results are consistent with those obtained by other authors for King George Island (Simões et al., 2004; Jiahong et al., 1998) . Moreover, by combining the stable water isotope signature of OH precipitation with time series of meteorological data representative for the conditions prevailing on the ocean near OH station, a strong relationship with rh and SST at the moisture source can be derived. This relationship has been well established, especially for the coastal Antarctic region where 10 moisture transport from the source is generally short-ranging (Jouzel et al., 2013) . The comparison between the dexcess of precipitation and the theoretical dexcess meteo derived from time series of meteorological data from the surrounding region has shown that both datasets are highly correlated (R= 0.86). Based on this evidence, we suggest that the Bellingshausen Sea constitutes the most important source of water vapor for precipitation at the API. Some precipitation events that exhibited a stable water isotope composition beyond the normal range for the region (e. , respectively) are similar to the values obtained by other authors for the API (Aristarain et al., 1986; Peel et al., 1988) . Although the seasonal temperature difference is reduced in coastal sites, the difference in the seasonal δ 18 O -T relationship suggests the existence of processes that disrupt the direct linkage between condensation temperature and surface air temperature. The inverse relationship between the δ 18 O signal from LCL ice cores and BE (and OH) monthly mean temperatures (Fig. 11) , which is noticeable in some years during JJA, contrasts with the 25 commonly accepted seasonal behavior characterized by a direct relationship between δ 18 O and surface air temperatures (Clark and Fritz, 1997) . This particular behavior could be related to strong variations in meteorological conditions in the area between BE (OH) and LCL throughout the whole year. Therefore, air temperature on LCL was estimated by two independent methods: lapse rates (vertical temperature gradient) and δ 18 O -T equivalents. The best correlation between both temperatures was obtained when an extended seasonal behavior was considered (R= 0.7; p<0.01). This result is in agreement with the natural 30 seasonal variability in high latitudes, where the effects of some seasons extend beyond the theoretical seasonal temporal limits, as previously explained. Failing to take this seasonal variability into account would lead to a misinterpretation of the air temperature reconstruction for LCL, since then the δ 18 O -T correlation would be rather poor (R= 0.42) and would not reflect the true seasonality in this region. The high similarity in δ 18 O -T relationship during MAM and SON can be explained by the seasonal transition between summer and winter, when oceans surrounding the northern API pass from ice-free to fully icecovered conditions, respectively. Likely, ice-free ocean conditions are related to natural seasonal oscillations, which are highly dependent on atmospheric circulation patterns. In this sense, years with a marked negative SAM anomaly are associated with ice-covered sea conditions, whereas positive SAM phases are associated with ice-free sea conditions (Fig. 12 ). Other studies (Turner et al., 2016) point to a similar interaction between surface air temperature and SIE at API and recognized that the SIE's 5 inter-annual variability is related to atmospheric modes. This supports our own observations in a way that the sea ice is important for regulation of surface air temperatures in the region. well supported by the high accumulation rate in the region that does not allow a prolonged exposition of the freshly fallen snow to the atmosphere. Furthermore, the absence of significant infiltration and percolation associated with melting and refreezing events and the lack of a relationship between ice layers and the stable water isotope record implies that the formation of melt layers is not related to variations in the isotopic signal obtained from firn cores. Thus, this reassures that postdepositional processes in the LCL region are negligible in the time period analyzed and that ice layers likely developed by 20 wind ablation on wind-scouring processes at the plateau. Although these observations are in agreement with the results obtained in this region by Fernandoy et al. (2012) and Aristarain et al. (1990) , several studies (Fernandoy et al., 2012; Simões et al., 2004; Travassos and Simoes, 2004; Jiahong et al., 1998) have identified a significant amount of melt layers in firn cores, mainly from KGI and from the western side of the API at altitudes below 700 m a.s.l. The limited effect of post−depositional processes due to the high accumulation rates and to the ice layers reducing diffusion (Stichler et al., 2001) , along with the high 25 correlation between dexcess meteo and dexcess obtained from firn cores, confirm that the isotopic variations observed in firn core isotope records are mostly related to isotopic fractionation occurring during condensation and to rh and SST conditions in the vapor source regions.
Firn age model and accumulation rates
The stable water isotope signal obtained from firn cores shows no regularity in its seasonal behavior and lacks a clear annual 30 oscillation pattern, possibly because of the strong maritime influence (Clark and Fritz, 1997) . These two criteria prevent the development of an age model by conventional annual layer counting in the isotope record (Legrand and Mayewski, 1997) . In this context, the dexcess parameter represents a robust time indicator, as it has shown to be principally dependent on rh and SST The Cryosphere Discuss., doi:10.5194/tc-2016 Discuss., doi:10.5194/tc- -298, 2017 Manuscript under review for journal The Cryosphere Published: 24 January 2017 c Author(s) 2017. CC-BY 3.0 License.
conditions prevailing in the eastern Bellingshausen Sea where these variables are relatively stable (Jouzel et al., 2013) . The high correlation coefficients (and high statistical significance) obtained for the relationship between dexcess and dexcess meteo, as shown in section 3.2.1, demonstrate that the method used to construct time series is effective in dating isotope records of firn cores from the northern API, even at a monthly resolution.
The most frequent dexcess values found in the firn cores (3‰ -6‰) are in agreement with a strong coastal influence scenario as 5 determined by Petit et al. (1991) , implying that the dexcess relates to rh and SST of the humidity source and not to surface air temperature (Jouzel et al., 2013) . Saigne and Legrand (1987) , postulated that rh conditions prevailing at the sea surface have an important effect on the dexcess signal of precipitation below 2000 m a.s.l in the study region. The stable water isotope results, in combination with the meteorological records presented in this work, show that precipitation on LCL is highly correlated with rh and SST conditions in the Bellingshausen Sea near the API. 10
The irrelevance of post-depositional effects along with the flat topography on LCL suggests that the estimate of accumulation rates from firn cores is representative of the amount of snow originally precipitated. Moreover, the slight smoothing of the isotope signal effect after deposition along with only small differences in the accumulation rate observed for the common time period of firn cores OH-9 and OH-10, demonstrates that our age model is reliable, as two different data sets yield similar estimations for a common period. The results obtained allow to classify LCL as a high annual snow accumulation site (Table  15 4), closely following the estimations of other authors on King George Island dome (Bintanja, 1995; Zamoruyev, 1972; Jiahong et al., 1998) and on the API further south of LCL (Dalla Rosa, 2013; Goodwin, 2013; van Wessem et al., 2015) ). A seasonal bias of the accumulation was noted, with more favorable conditions for accumulation (i.e. higher precipitation amount) during autumn resulting from more synoptic scale features approaching the 20 API (Table 4 ).
Seasonal variability and disruption of atmospheric conditions
The depletion of δ 18 O with increasing height (altitude effect) and the simultaneous increase in accumulation along the western side of API at LCL latitude can be explained with the help of an orographic precipitation model as proposed by Martin and Peel (1978) . This model states that moist air parcels from the Southern Ocean are forced to ascend and cool down when 25 approaching the API due to the steep topography forming an orographic barrier to westerly winds. The depletion observed in δ 18 O could reflect the strength of the fractionation process taking place within a short distance and in a low temperature environment (Fig. 15a) . Therefore, the isotopic fractionation process occurring along the API and the direct linear relation between δ 18 O and condensation temperature allow us to study the temperature behavior with respect to the altitude increase on the basis of δ 18 O variations (Craig, 1961) . However, whereas MAM air temperatures show a clear decrease with increasing 30 height (atmospheric instability of the lower troposphere), JJA air temperatures exhibit an inverse pattern (an increase) from sea level up to 350 m a.s.l (atmospheric stability). At higher altitudes, a decreasing temperature trend is observed (atmospheric instability). The break at 350 m a.s.l during JJA indicates the existence of a strong stratification within the lower troposphere The Cryosphere Discuss., doi:10.5194/tc-2016 Discuss., doi:10.5194/tc- -298, 2017 Manuscript under review for journal The Cryosphere Published: 24 January 2017 c Author(s) 2017. CC-BY 3.0 License.
on the western side of the API. In addition, the variations in monthly mean lapse rates measured by radiosondes in BE throughout the year, provide evidence for the existence of a process that modifies the behavior of the lower troposphere, decreasing the lapse rate (between sea level and 850 hPa) during JJA and considerably increasing it during DJF (Fig. 16) .
The close linear relationship identified between lapse rate magnitude and SIE indicates that SIE is an important factor for the development of these variations between May and September. 5
The phenomena previously described is likely linked to the development of an inversion layer in the lower troposphere on the western side of the API mainly during JJA, which in turn is related to a strong radiative imbalance. During JJA, solar radiation diminishes until it reaches a minimum at the winter solstice. The lack of solar radiation leads to considerable cooling that favors the formation of sea ice and in turn, causes differential cooling between the sea ice surface and the air above it. As the sea ice surface cools faster than the air above it, a near-surface altitudinal pattern of increasing temperature develops where 10 local atmospheric stability prevails. The layer of atmospheric stability extends from sea level up to at least 350 m a.s.l, where it turns into an atmospheric instability regime. Both regimes together favor the decrease of the overall lapse rate, as temperature first increases and then decreases with height. Conversely, no inversion layer is formed during DJF due to the absence of sea ice and hence, atmospheric instability prevails, which is related to high lapse rates ( Fig. 15b and 15c) .
The existence of an inversion layer during the months with sea ice coverage might explain the low oscillation of monthly mean 15 temperatures estimated at LCL compared to monthly mean air temperatures at BE (OH). The inverse relation between SAM index and SIE also seems to play an important role, as SAM positive phases enhance the transport of warm and moist air towards the western side of the API, thus inhibiting the formation of sea ice. This has a direct impact on the lapse rate as the development of an inversion layer is hindered and therefore air temperatures on LCL are regulated. The interaction between SAM and SIE plays a key role as sea-ice-covered conditions temper the maritime system, favoring continental-like conditions 20 and reducing annual mean air temperature, implying a higher temperature amplitude in BE and OH throughout the year.
The temperature time series estimated from the stable water isotope record (δ 18 O and dexcess) from LCL firn cores exhibits a periodic (biannual) pattern, which can be linked to a similar periodical behavior observed in SAM index and in SIE. The relatively constant temperatures observed during MAM, JJA and SON in years with a positive SAM phase provide evidence that during these seasons condensation is taking place at similar temperatures. Under such conditions (positive SAM), the low 25 variations in the lapse rate throughout the year, along with the low thermal oscillation in BE (OH) explain the presence of a constant condensation temperature, which does not differ much from air temperature during DJF. Conversely, the stronger annual temperature oscillation observed on LCL during negative SAM phases indicates marked variations in condensation temperature throughout the year.
Finally, the proposed inversion layer model (Fig. 16) The Cryosphere Discuss., doi:10.5194/tc-2016 Discuss., doi:10.5194/tc- -298, 2017 Manuscript under review for journal The Cryosphere Published: 24 January 2017 c Author(s) 2017. CC-BY 3.0 License.
LCL temperatures must be applied mainly, because the sea-ice cover varies inter-annually in its duration and extension, which in turn produces the inter-annually variable inversion layer. The proposed model for the coastal region on the western side of the API at OH latitude, is consistent with the observations of Yaorong et al. (2003) on KGI (South Shetland Islands), through which the development of several inversion layers that extend beyond 400 m a.s.l.
Conclusions 5
In this study, we examined one of the most complete records of recent precipitation from the northern API, with a total of 210 single precipitation events and more than 60 m of firn cores. The firn cores retrieved in this work include the accumulation at the northwestern API region between 2006 and 2014 from. Precipitation and firn stable water isotope compositions have been compared to different meteorological data sets to determine their representativeness as climate proxy for the region.
The results of our study reveal significant seasonal changes in the δ 18 O -T relationship throughout the year. For autumn and 10 spring a δ 18 O-T ratio of 0.69‰ °C -1 (r= 0.74) was found to be most representative, whereas for winter and summer the δ 18 O-T ratio appears to be highly dependent on SIE conditions. The apparent moisture source for air parcels precipitating at the northern API is mainly located in the Bellingshausen Sea and in the southern Pacific Ocean. The transport of water vapor along these oceanic and coastal pathways exerts a strong impact on the dexcess signal of precipitation. The comparison between the dexcess signal from the moisture source and the dexcess signal from firn cores has proved to be a successful method for dating firn 15 cores from the northern API, delivering a seven-year isotopic time series in high temporal resolution for LCL. [2009] [2010] [2011] [2012] [2013] [2014] . This finding is in line with evidence from stacked meteorological record of the nearby research stations as determined by Turner et al. (2016) . 30 Our results demonstrate that the stable water isotope composition of firn cores retrieved from LCL is capable of reproducing the meteorological signal present in this region, validating it as a valuable proxy for paleo-climate reconstructions in the The Cryosphere Discuss., doi:10.5194/tc-2016 Discuss., doi:10.5194/tc- -298, 2017 Manuscript under review for journal The Cryosphere Published: 24 January 2017 c Author(s) 2017. CC-BY 3.0 License. northern API region. Environmental (atmosphere and ocean) and glaciological conditions present at LCL, a ~350 m thick ice cap, together with an almost undisturbed isotopic record are optimal prerequisites for the preservation of a climate proxy record with a high temporal resolution. Consequently, LCL is a suitable site for recovering a medium-depth ice core to investigate climate variations during the last centuries in the northern API region.
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